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Throughout most of adult life, lymphocyte number
remains constant because of a balance of prolifera-
tion and apoptosis. Mutation of Bim, a proapoptotic
protein in the intrinsic death pathway, or Fas, a tumor
necrosis factor receptor (TNFR) superfamily member
of the extrinsic pathway, results in late-onset autoim-
munity and increased antigen-specific CD8+ T cell
responses during viral infection. However, virus-
specific immune responses eventually return to
amounts comparable to those for nonmutant mice.
Here, we show that loss of both Bim and Fas function
resulted in a synergistic disruption of lymphoid ho-
meostasis, rapid-onset autoimmunity, and organ-
specific blocks on contraction of antiviral immune
responses.When lymphocytic choriomeningitis virus
(LCMV)-specific immune responses were quanti-
tated, double-mutant mice had 100-fold more anti-
gen-specific memory CD8+ T cells in their lymph
nodes than wild-type mice. Our results demonstrate
that multiple death pathways function concur-
rently to prevent autoimmunity and downsize T cell
responses.
INTRODUCTION
Apoptosis is critical to the development and homeostasis of the
immune system. In mammals, there are two distinct apoptotic
cell-death pathways that require aspartate-specific cysteine
proteases termed caspases (Shi, 2002). The intrinsic pathway
is mediated by the mitochondria and functions in response to
certain stimuli such as cytokine deprivation, reactive oxygen
intermediates (ROIs), genotoxic drugs, DNA damage, and
calcium overload. This pathway is tightly regulated by the proa-
poptotic and antiapoptotic members of the Bcl-2 superfamily.
Proapoptotic family members include Bax, Bak, and Bok in
addition to the BH3-only proteins Bik, Bid, Bad, Bmf, Hrk,
Noxa, and Puma. The antiapoptotic family members include
Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1 (Strasser, 2005). This apo-
ptotic pathway is initiated after the activation of proapoptotic
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2-interacting mediator of death (Bim) (O’Connor et al., 1998).
These then activate Bax and Bak that allow the release of cyto-
chrome c from the mitochondria (Wei et al., 2001; Zong et al.,
2001). In the apoptosome, cytochrome c, APAF-1, dATP, and
procaspase 9 oligomerize, leading to the generation of active
caspase 9 (Li et al., 1997; Liu et al., 1996). This enzyme continues
the apoptotic cascade by activating downstream executioner
caspases such as caspases 3 and 7.
The extrinsic pathway of apoptotic cell death is mediated by
death receptors interacting with their ligand. There are several
death receptors including Fas, tumor necrosis factor receptor
(TNFR) and tumor necrosis (TNF)-related apoptosis-inducing
ligand (TRAIL) (Fas et al., 2006). After ligation, the death-inducing
signaling complex (DISC) is formed, and it recruits procaspase
8 and causes its activation (Boldin et al., 1996; Muzio et al.,
1996; Srinivasula et al., 1996). Caspase 8 then activates execu-
tioner caspases such caspases 3 and 7, resulting in apoptosis
(Fernandes-Alnemri et al., 1996; Scaffidi et al., 1998). Although
the signaling cascades that initiate the two death pathways are
different, they ultimately converge at the executioner caspases.
It is imperative that these processes be tightly controlled be-
cause excess apoptosis occurs in degenerative diseases such
as Alzheimer’s and Parkinson’s disease, and lack of apoptosis
is critical in cancer and autoimmunity (Goodnow, 2007; Honig
and Rosenberg, 2000; Pinkoski et al., 2006). Therefore, under-
standing the pathways regulating apoptosis is critical for devel-
oping new therapeutics.
There are several chances for lymphocytes to undergo apo-
ptosis during the development of the immune system. T cells
are triggered to undergo apoptosis in the thymus if they fail to
productively rearrange their T cell receptor. After productive
rearrangement of the TCR, cells must be able to recognize and
bind to self-MHC molecules, and if T cells are unable to recog-
nize these molecules, they undergo apoptosis during positive
selection. Additionally, T cells are triggered to undergo apopto-
sis during negative selection if the antigen receptors present
on the cell surface bind self-peptide MHC complexes with high
affinity. The proapoptotic BH3-only protein Bim plays a role in
negative selection of T cells (Bouillet et al., 2002). In Bcl2l11/
mice, which contain a targeted mutation in the gene encoding
Bim, this leads to the presence of self-reactive cells in the periph-
ery resulting in autoimmune disease (Bouillet et al., 1999). After
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MHC interaction for their survival. Fas plays a major role in
peripheral deletion of self-reactive T cells. Failure to eliminate
autoreactive T cells via Fas and Fas-ligand interactions results
in an accumulation of an aberrant population of double-negative
T cells and autoantibody production (Andrews et al., 1978;
Davignon et al., 1985).
In the current study, we determined the effect of mutating pro-
teins in both the intrinsic and extrinsic pathways of cell death on
lymphocyte development and homeostasis by crossing mice
containing a mutation in the gene encoding the BH3-only proa-
poptotic protein Bim with Faslpr/lpr mice. These double-mutant
animals exhibited enhanced autoimmune disease with massive
lymphadenopathy and splenomegaly compared to the parental
genotypes. Additionally, autoantibody titers were substantially
elevated in the double-mutant animals. Although the number of
lymphocytes in Bcl2l11/Faslpr/lpr mice was synergistically
increased in vivo, the in vitro survival of the cells after various
intrinsic and extrinsic death-inducing stimuli was similar to either
parental strain. However, CD8+ T cells from these animals
exhibited increased survival through division after activation via
TCR crosslinking compared to those from either parental strain.
After acute lymphocytic choriomeningitis virus (LCMV) infection,
double-mutant mice exhibited a lymph-node-specific block in
contraction of antigen-specific CD8+ T cells. These findings sug-
gest that the function of both the intrinsic and extrinsic cell-death
pathways is critical tomaintaining homeostasis, preventing auto-
immunity, and downsizing responses after acute viral infection.
RESULTS
Bcl2l11/Faslpr/lpr Mice Exhibit Enhanced
Lymphadenopathy
Lymphoid homeostasis is controlled by a balance of proliferation
and death. Bim and Fas are two proteins that play important
roles in regulation of cell death. Bim is a proapoptotic member
of the Bcl-2 superfamily that functions in the intrinsic pathway
of cell death (O’Connor et al., 1998). Fas plays a role in the extrin-
sic pathway of cell death (Itoh et al., 1991). In order to determine
how loss of both Bim and Fas would affect lymphocyte develop-
ment and homeostasis, we generated Bcl2l11/Faslpr/lpr
animals. The Bcl2l11/ animals were generated by targeted
mutation (Bouillet et al., 1999), whereas the lpr mice have a
hypomorphic mutation generated by an insertion of an early
transposable element into intron 2 of Fas (Adachi et al., 1993;
Watanabe-Fukunaga et al., 1992). The double-mutant animals
appeared to develop normally, but by 14–22 weeks (14+ weeks),
they had massive lymphadenopathy (Figure S1A available
online) and splenomegaly (Figure S1B) compared to the other
genotypes, and some mortality was observed. When cell num-
bers were determined, the number of thymocytes was not signif-
icantly (p value > 0.05) different among the four genotypes
(Figure 1A). However, double-mutant animals contained signifi-
cantly higher (p value < 0.05) numbers of total splenocytes
(Figure 1B), liver (Figure 1C), and lymph node (Figure 1D) lympho-
cytes compared to the parental genotypes. At 6–8 weeks, the
number of cells in each organ was similar between Bcl2l11/
and Bcl2l11/Faslpr/lpr mice (Figure S2). When the double-
mutant mice were compared to wild-type mice at 14+ weeks,there were 10-fold more splenocytes and liver lymphocytes;
however, the increase in lymph node cells was almost 100-
fold. Thus, homeostasis in the immune system is dramatically
exacerbated by loss of both Bim and Fas compared to either
parental strain.
Bcl2l11/Faslpr/lpr Animals Contain Elevated Numbers
of T Cells in Both Lymphoid and Nonlymphoid Tissues
Previous studies have demonstrated a prominent role for Bim
during negative selection (Bouillet et al., 2002). Although proteins
involved in the intrinsic pathway of cell death have been impli-
cated in negative selection, Fas has been shown to haveminimal
effects on negative selection (Singer and Abbas, 1994). To deter-
mine the effects of loss of both Bim and Fas on thymocyte devel-
opment, we removed the thymi from 14+-week-old animals and
determined the number of T cells. Bcl2l11/Faslpr/lpr animals
contained significantly (p value < 0.05) elevated numbers of
CD8+ single-positive thymocytes compared to the parental
genotypes; however, the number of CD4+ single-positive thymo-
cytes was not significantly (p value > 0.05) altered. Although the
number of single-positive thymocytes was elevated in the
double-mutant animals, there was a decrease in CD8+CD4+
double-positive thymocytes compared to the other genotypes
(Figure 2A). Thus, double-mutant animals contain elevated num-
bers of mature thymocytes compared to the parental genotypes.
Further examination of T cells in the spleen, lymph nodes, and
liver revealed that the majority possessed an activated or memory
Figure 1. Bcl2l11/Faslpr/lprMice DevelopMassive Lymphadenopa-
thy and Splenomegaly
Bcl2l11/, Faslpr/lpr,Bcl2l11/Faslpr/lpr, andwild-typemice were sacrificed at
14+ weeks of age. Thymocytes (A), splenocytes (B) and liver (C) and lymph
node (D) lymphocytes from all genotypes were quantitated, and the averages
and standard deviations are plotted. Five to ten mice were analyzed at each
time point in two independent experiments with an ordinary ANOVA with a
Student-Newman-Keuls multiple comparison test. ***, significant difference
compared to both Bcl2l11/ and Faslpr/lpr with a p value% 0.05.
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contained populations of CD44Low and CD44High T cells at 14+
weeks of age, with the majority of the cells being CD44Low. This
contrasts with Faslpr/lpr and Bcl2l11/Faslpr/lpr animals in which
the majority of both populations was skewed toward CD44High
(Figure 2B). The total number ofCD8+CD44High andCD4+CD44High
T cells was elevated in Bcl2l11/Faslpr/lpr animals at 14+ weeks
compared to the parental genotypes in the both the spleen
(Figure 2C) and lymph nodes (Figure 2D). The increases observed
at 14+ weeks were not restricted to lymphoid organs because
Figure 2. Bcl2l11/Faslpr/lpr Mice Have
Increased Numbers of Mature T Cells in
Both Lymphoid and Nonlymphoid Tissues
Bcl2l11/, Faslpr/lpr, Bcl2l11/Faslpr/lpr, and wild-
typemice were sacrificed at 14+ weeks of age, the
thymus was harvested, and the numbers of single-
positive and double-positive thymocytes were cal-
culated, and the averages and deviations are
shown (A).Wequanititated thenumber of activated
ormemoryphenotypeCD8+andCD4+Tcells in the
spleen (B) by staining splenocytes with CD8a,
CD4, andCD44 antibodies. Thedot plots are gated
on viable cells, and the numbers indicate the gated
populations portion of viable cells. The number of
cells in the spleen (C), lymph nodes (D), and liver
(E) at 14+ weeks of age were determined, and the
averages and standard deviations are plotted.
The number of CD3+B220+CD8CD4 cells in the
spleen was determined at 6–8 weeks and 14+
weeks of age, and the averages and standard
deviations were plotted (F). Five to ten mice were
analyzed at each time point in two independent
experiments with an ordinary ANOVA with a
Student-Newman-Keuls multiple comparison test.
*, significant difference compared to Bcl2l11/
withapvalue%0.05. **, significantdifferencecom-
pared to Faslpr/lprwith a p value% 0.05. ***, signifi-
cant difference compared to both Bcl2l11/ and
Faslpr/lpr with a p value% 0.05.
they were also observed in the liver
(Figure 2E). At 6–8 weeks, the number of
cells were similar between Bcl2l11/ and
Bcl2l11/Faslpr/lpr mice (Figure S3).
Previousstudieshavedemonstratedthat
Faslpr/lpranimals contain anexpandedpop-
ulationof activatedCD3+B220+CD8CD4
T cells in the periphery. At 6–8 weeks,
wild-type, Bcl2l11/, and Faslpr/lpr mice
contained similar numbers of this popula-
tion in the spleen, whereas double-mutant
mice possessed 20 times as many cells.
Although the number of these cells re-
mained similar between 6–8 and 14+
weeks in Bcl2l11/Faslpr/lpr animals, by
14+ weeks, this population increased in
Faslpr/lpr mice to similar levels as in the
double-mutant mice (Figure 2F). Thus,
the appearance of a population of CD3+
B220+CD8CD4 T cells in the spleen is
accelerated in Bcl2l11/Faslpr/lpr animals compared to Faslpr/lpr
animals.
Increased Cell Numbers in Bcl2l11/Faslpr/lpr Mice
Are Not Due to Increased Proliferation
Because cell numbers result from a balance between death and
proliferation, we determined whether proliferation rates were in-
creased inBcl2l11/Faslpr/lpr animals by administering 0.8 mg/ml
bromodeoxyuridine (BrdU) in the drinking water for 8 days be-
ginning at 10 weeks of age. A wild-type mouse receiving water
220 Immunity 28, 218–230, February 2008 ª2008 Elsevier Inc.
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because it was an intermediate point between 6–8 weeks and
14+ weeks when we observed a major increase in cell numbers.
Micewere sacrificed, and splenocytes and lymph nodeswere har-
vested and stained for surface markers and intracellular BrdU.
Figure 3A shows the staining ofCD8+CD44High andCD4+CD44High
T cells for BrdU. Regardless of the cell type or tissue examined
(CD8+CD44High [Figures 3B and 3E], CD4+CD44High [Figures 3C
and 3F], or CD3+B220+CD8CD4 [Figure 3D]), similar rates of
proliferation in the spleen and lymph nodes were observed in
double-mutant mice compared to the parental strains. Thus, the
synergistic increase in activated ormemory phenotypeT cell num-
bers observed in Bcl2l11/Faslpr/lpr animals is not due to in-
creased rates of proliferation compared to the parental genotypes.
CD8+ T Cells from Bcl2l11/Faslpr/lpr Animals Exhibit
Increased Survival through TCR-Stimulated Division
Because proliferation rates were not increased in double-mutant
mice,wedeterminedwhether sensitivity toapoptosiswasaltered.
Directly ex vivo, themajority (98%) of theCD8+ T cells fromall of
the genotypes were viable (7AAD, data not shown). Purified
naive CD8+ T cells from 6- to 8-week-old mice were exposed to
various intrinsic or extrinsic death-inducing stimuli. To test sensi-
tivity to growth-factor-withdrawal-induced apoptosis, we cul-
tured cells in media alone (Figure 4A). Cells from Bcl2l11/ and
Bcl2l11/Faslpr/lpr mice were resistant to death, whereas those
from wild-type and Faslpr/lpr mice died within 3 days. Cells from
all four genotypes were equally sensitive to g-irradiation
(Figure 4B). To determine whether adding back growth factor
would rescue death observed in wild-type or Faslpr/lpr CD8+ T
cells, we added 10 U IL-2 per ml to the media. As expected, the
specific apoptosis of wild-type and Faslpr/lpr cells was decreased
with the addition of IL-2 (Figure 4C). For determining sensitivity to
extrinsic-pathway-mediated apoptosis, cells were activated
invitrowithplate-boundanti-CD3andanti-CD28and thencultured
in media alone (Figure 4D), restimulated on day 3 with anti-CD3
(Figure 4E), or treated with rFasL (Figure 4F) to provoke activa-
tion-induced cell death (AICD). Under these conditions, cells
from Faslpr/lpr and Bcl2l11/Faslpr/lpr were resistant to AICD,
whereas the wild-type and Bcl2l11/ cells died.
Figure 3. Increased Cell Numbers inBcl2l11/Faslpr/lprAnimals Are Not Due to Increased Rates of Proliferation over the Parental Genotypes
Proliferation of T cells from all genotypes was assessed at 10 weeks of age by inclusion of BrdU (0.8 mg/ml) in the drinking water for 8 days. Splenocytes were
isolated and stained with CD8a, CD4, CD44, and BrdU antibodies. The dot plots are gated on CD8+CD44High or CD4+CD44High cells (A). The percentage of
CD8+CD44HighBrdU+ (B), CD4+CD44HighBrdU+ (C), and CD3+B220+CD8CD4BrdU+ (D) present in the spleen was determined, and the averages and standard
deviations are shown. The percentage of CD8+CD44HighBrdU+ (E) and CD4+CD44HighBrdU+ (F) T cells in the lymph nodes was determined, and the averages and
standard deviations are shown. Three to five mice were analyzed for each genotype in two independent experiments with an ordinary ANOVA with a Student-
Newman-Keuls multiple comparison test. NS, no significant difference; p value > 0.05.
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Faslpr/lpr Mice Have Increased Survival
through Division Compared to Parental
Genotypes
Purified CD8+ T cells from 6- to 8-week-old
Bcl2l11/, Faslpr/lpr, Bcl2l11/Faslpr/lpr, and
wild-type mice were cultured in media alone (A),
g-irradiated (B), or cultured in media containing
10 U/ml IL-2 (C). Purified CD8+ T cells were acti-
vated with plate-bound anti-CD3 and anti-CD28
and cultured for 3 days in the presence of IL-2.
Viable cells were purified on day 3 and were cul-
tured in media alone (D) or treated with either
anti-CD3 (E) or rFasL (F). We determined the per-
centage of viable CD8+ T cells daily by staining
with 7AAD, and the average and standard devia-
tion are plotted. The percent specific apoptosis
was calculated with the formula (stimulation
induced apoptosis spontaneous apoptosis)/
(100  spontaneous apoptosis), where spontane-
ous apoptosis is the percentage obtained when
cells are cultured in media alone. Purified CD8+ T
cells were labeled with CFSE and then activated
with plate-bound anti-CD3 and anti-CD28 anti-
bodies. Cells were harvested daily, and the prolif-
eration of CD8+ T cells from the different geno-
types was assessed by the loss of CFSE as
shown in the indicated representative histograms
(G). We calculated the percent survival by dividing
the actual number of cells determined by trypan-
blue exclusion by the theoretical value calculated
with the division index. The percent survival for
day 2 (H) and day 3 (I) is shown. Five to ten mice
were analyzed at each time point in two indepen-
dent experiments with an ordinary ANOVA with
a Student-Newman-Keuls multiple comparison
test. *, significant difference compared to both
Bcl2l11/ and Faslpr/lpr with a p value% 0.05.Effects on survival during TCR-stimulated division were mea-
sured by CFSE labeling naive CD8+ T cells and stimulating with
plate-bound CD3 and CD28 antibodies. The CFSE profiles were
similar between all of the genotypes, although there was a slight
delay in division of CD8+ T cells from both Bcl2l11/ and
Bcl2l11/Faslpr/lpr animals on day 2 (Figure 4G). We calculated
the percent survival of the cells during division by dividing the via-
ble cell number by the theoretical cell number. This value was de-
terminedbymultiplying thestartingcell numberby2x,wherex rep-
resents the division index. On days 2 (Figure 4H) and 3 (Figure 4I)
postactivation, the survival of CD8+ T cells from Bcl2l11/Faslpr/
lpr animals was dramatically increased compared to the other ge-
notypes. Thus, T cells from Bcl2l11/Faslpr/lpr mice are equally
resistant to certain apoptotic stimuli but survive TCR-stimulated
division better than either parental genotype.
Bcl2l11/Faslpr/lpr Mice Exhibit an Accelerated
Autoimmune Syndrome Compared
to the Parental Genotypes
One of the consequences of altered lymphocyte apoptosis is
the development of autoimmunity. Circulating autoantibodies
against a variety of self antigens are present in several systemic
autoimmune diseases. Previous reports have indicated that
Bcl2l11/ animals contain elevated titers of IgG autoantibodies
in addition to antibodies against double-stranded DNA (Bouillet
222 Immunity 28, 218–230, February 2008 ª2008 Elsevier Inc.et al., 1999). Faslpr/lpr animals also contain elevated autoantibody
titers (Andrews et al., 1978). In order to determine the effect of
the combined loss of Bim and Fas on antibody titers, we quanti-
tated serum IgM, IgG, and IgA titers in 14+-week-old animals of
all four genotypes by ELISA (Figure 5A). Bcl2l11/Faslpr/lpr
animals contained similar amounts of IgG1, IgG2a, IgG2b, and
IgG3 antibodies as those of the Bcl2l11/ parental genotype.
However, IgM was decreased in Bcl2l11/Faslpr/lpr animals
compared to Bcl2l11/ animals but was increased compared
to Faslpr/lpr animals. Additionally, increased IgA antibodies were
observed in Bcl2l11/Faslpr/lpr animals compared to both
parental strains. We performed ELISAs to determine autoanti-
body titers against double-stranded DNA in 14+-week-old
animals of all four genotypes. Bcl2l11/Faslpr/lpr animals
contained increased anti-dsDNA antibodies compared to both
the Bcl2l11/ and Faslpr/lpr parental genotypes (Figure 5B).
Therefore, combined loss of Bim and Fas further increases
serum IgA antibodies and anti-dsDNA autoantibodies compared
to both parental genotypes.
Anotherprominent feature of several autoimmunesyndromes in
mice is the accumulation of lymphocytic infiltrate and immune
complexes in the kidney. The accumulation of these complexes
can become severe, resulting in renal failure and eventual
death of the animal. To determine the amount of infiltrate present,
we performed hematoxylin and eosin staining on fixed kidney
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tained minimal infiltrate on the basis of this staining (Figure S5).
By 14+ weeks, wild-type and Bcl2l11/ kidney sections did not
contain lymphocyte infiltrate, whereas Faslpr/lpr and Bcl2l11/
Faslpr/lpr animals possessed infiltrate. However, the extent of in-
filtration observed in the double-mutant animals was exacer-
bated compared to the Faslpr/lpr parental strain (Figure 5C). We
stained frozen kidney sections with FITC-labeled goat-anti-
mouse IgG to determine whether immune complexes were pres-
ent in the mutant animals. Sections from Bcl2l11/Faslpr/lpr an-
imals stained positive for IgG in the glomeruli and surrounding
area of the kidneys (Figure 5E). When the lymphocytic infiltrate
and immunoglobulin deposition were quantitated in several
mice (Figures 5D and 5F), the amounts were dramatically greater
in double compared to single-mutant or wild-type mice. Thus,
Bcl2l11/Faslpr/lpr animals exhibit an enhanced autoimmune
syndrome compared to either parental genotype.
Virus-Specific CD8+ T Cells Are Increased in Bcl2l11/
Faslpr/lpr Animals after Acute LCMV Infection
Although apoptosis plays a key role in maintaining homeostasis
and precluding autoimmunity, it also controls antiviral immune
responses. To determine the effect of loss of both Bim and Fas
on antiviral CD8+ T cell responses, we infected mice at 6–8
weeks with LCMV Armstrong, which causes an acute infection
that is cleared in 7–9 days. The antiviral CD8+ T cell response
was quantitated by MHC class I tetramer staining for three vi-
rus-specific populations (DbGP33-41+, DbNP396-404+, and
DbGP276-286+, Figures 6A–6C). On day 8 postinfection, the ef-
fector CD8+ T cell response was comparable in spleen, liver,
and pooled lymph nodes between all four genotypes. By day
35, contraction ensued in wild-type mice and the number of an-
tigen-specific CD8+ T cells declined to 5%–10% of the values
observed on day 8 in all three tissues. In Bcl2l11/ mice, num-
bers remained somewhat elevated in the spleen but decreased
in the liver and lymph nodes. This contrasts with Faslpr/lpr mice
in which the number of virus-specific CD8+ T cells was similar
to wild-type mice when the spleen and liver were examined,
but2-fold more virus-specific cells were observed in the lymph
nodes compared to wild-type mice. When Bcl2l11/Faslpr/lpr
mice were examined, contraction was similar to Bcl2l11/
mice in the spleen and liver, but no decrease in virus-specific
cells was observed in the lymph nodes. By day 97 postinfection,
virus-specific CD8+ T cells were stable in all tissues of wild-type
and Faslpr/lpr mice. In Bcl2l11/mice, numbers had declined to
levels thatwere2-fold greater thanwild-typemice. In the spleen
and liver, Bcl2l11/Faslpr/lpr mice reached a similar set point as
Bcl2l11/mice. However, no contraction occurred in the lymph
nodes of Bcl2l11/Faslpr/lpr mice. The number of antigen-
specific CD8+ T cells in this tissue was greater than that found
in the spleen. This contrasted with the other genotypes in which
90% of the virus-specific cells were found in the spleen. When
the number of cells from all three compartments on day 97 post-
infection was totaled (Figure 6D), Bcl2l11/Faslpr/lpr mice con-
tained 2-fold more GP33-41-specific and 3-fold more NP396-
404-specific memory CD8+ T cells than the Bcl2l11/ mice.
Compared to wild-type or Faslpr/lpr mice, there were 10-fold
more memory cells. When GP276-286-specific cells were enu-
merated, similar numbers were obtained in Bcl2l11/ andBcl2l11/Faslpr/lpr mice. Thus, both Bim and Fas contribute to
CD8+ T cell contraction, with Bim playing a larger role and the
contribution of Fas varying with different T cell epitopes.
Increased Virus-Specific CD8+ T Cells in the Lymph
Nodes of Bcl2l11/Faslpr/lpr Animals Are Not Due
to Increased Proliferation
For determining whether the elevated numbers of virus-specific
CD8+ T cells was the result of increased proliferation, mice were
administered 0.8 mg/ml BrdU in the drinking water from day 15
to 22 postinfection with LCMV Armstrong. On day 22, mice
were sacrificed, and the spleens and lymph nodes were har-
vested and stained with anti-CD8a, DbGP33-41, or DbNP396-
404 MHC class I tetramers, and intracellular anti-BrdU
(Figure 7A). A wild-type mouse that received water alone was in-
cluded as a control. When the BrdU incorporation was quanti-
tated for all four genotypes (Figures 7B and 7C), the proliferation
of both virus-specific CD8+ T cell populations was similar be-
tween Faslpr/lpr and Bcl2l11/Faslpr/lpr mice in the spleen. In
contrast, proliferation in the lymph nodes of Bcl2l11/Faslpr/lpr
mice was similar to Bcl2l11/ mice. Regardless of the organ
examined, proliferation was never greater than the wild-type or
parental genotypes. Thus, the increased number of virus-
specific CD8+ T cells observed in Bcl2l11/Faslpr/lpr animals is
not due to increased rates of proliferation and must be due to
decreased apoptosis in vivo.
DISCUSSION
In this study, we examined the effects of mutating both a BH3-
only protein and a death receptor on lymphocyte development
and homeostasis by generating Bcl2l11/Faslpr/lpr animals.
Although these mice developed normally, they exhibited lymph-
adenopathy and autoimmunity by 14 weeks. This autoimmune
syndromewascharacterizedby increases in serumautoantibody
titers, lymphocytic infiltrate, and immune-complex deposition in
the kidneys. Thus, combined loss of Bim and Fas exacerbated
theautoimmunesyndromesobserved in theparental strains. Fur-
ther examination of T cells revealed increased activated or mem-
ory phenotype cells in all organs examined in double-mutant
mice by 14+ weeks of age compared to the parental genotypes.
WhenpurifiedCD8+ T cellswere subjected to extrinsic or intrinsic
death-pathway-inducing stimuli, they behaved as the parental
genotype. However, T cells from these animals exhibited in-
creased survival through TCR-stimulated division compared to
both parental genotypes. Thus, increased cell numbers could
be the result of increased survival rather thanproliferation. Similar
to these results, acute LCMV infection of double-mutant mice
resulted in increased virus-specific CD8+ T cells that were not
due to differences in proliferation. Thus, the combined function
of Bim and Fas is critical for maintaining homeostasis, preventing
autoimmunity, and downsizing antiviral immune responses.
Loss of both Bim and Fas function results in a synergistic
increase in the number of lymphocytes in double-mutant animals
compared to either single mutant. Because our proliferation
experiments revealed no major differences, apoptosis must be
decreased. There are at least two different mechanisms by
which overall cell death might be lowered. First, cross-talk
between Bim and Fas could make cells inherently more resistant
Immunity 28, 218–230, February 2008 ª2008 Elsevier Inc. 223
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death are considered separate pathways that are activated by
different stimuli but ultimately converge with the activation of
executioner caspases. Presently, the best characterized
mechanism of cross-talk between the two pathways is mediated
by the BH3-only protein Bid (Wang et al., 1996). Upon death-
receptor ligation, Bid is cleaved by active caspase 8 (Gross
et al., 1999), N-myristoylated (Zha et al., 2000), and translocates
to the mitochondria resulting in apoptosis (Wei et al., 2000). This
renders null mutants of Bid resistant to liver injury after Fas anti-
body treatment (Yin et al., 1999). However, the importance of
cross-talk in T cells is unclear because we did not observe a
defect in Fas-mediated killing of Bcl2l11/ cells but instead
observed that survival through TCR-stimulated division was
increased in double-mutant T cells compared to those from
either parental strain or wild-type mice.
Figure 6. Acute LCMV Infection of
Bcl2l11/Faslpr/lpr Mice Results in In-
creased Numbers of Antigen-Specific CD8+
Memory Cells Compared to Both Parental
Genotypes
Bcl2l11/, Faslpr/lpr,Bcl2l11/Faslpr/lpr, and wild-
type mice were infected with LCMV Armstrong.
Mice were sacrificed at the indicated time points
and stained with anti-CD8a, anti-CD44, and MHC
class I tetramers so that the number of antigen-
specific cells in the spleen, liver, and lymph nodes
could be determined. The numbers of DbGP33-41
(A)-, DbNP396-404 (B)-, DbGP276-286 (C)-specific
CD8+ T cells were quantitated in each tissue, and
the averages and standard deviations are shown.
The total number of antigen-specific CD8+ mem-
ory T cells was quantitated for each epitope in all
three tissues (D), and the averages and standard
deviations are shown. Three to six mice were
analyzed for each genotype in one to two indepen-
dent experiments with an ordinary ANOVA with
a Student-Newman-Keuls multiple comparison
test. *, significant difference compared to both
Bcl2l11/ and Faslpr/lpr with a p value% 0.05.
A second mechanism to explain the
synergistic increase in cell numbers ob-
served in double-mutant animals is the
bypassing of multiple independent
checkpoints resulting in autoimmune dis-
ease (Goodnow, 2007). Under this sce-
nario, there is no cross-talk between the
two pathways; rather, cells undergo different checkpoints where
either Fas or Bim control progression to autoimmunity. Bim has
been shown to be involved in several key checkpoints including
thymic negative selection (Bouillet et al., 2002) and the survival of
activated lymphocytes (Hildeman et al., 2002). Fas plays a major
role in regulating the survival of lymphocytes activated by self-
antigen. When function is lost for either gene, an autoimmune
syndrome develops that requires almost a year for mortality,
and its progression is influenced by genetic background. Our re-
sults demonstrate that the combined loss of both Bim and Fas
results in rapid and massive lymphadenopathy and splenomeg-
aly in addition to exacerbated autoimmune disease character-
ized by increased autoantibody titers and immune-complex de-
position in the kidneys. Interestingly, the isotype that undergoes
themost dramatic increase is IgA. Although its role in the autoim-
mune syndrome we observe is unclear, immunoglobulin AFigure 5. Bcl2l11/Faslpr/lpr Mice Have an Exacerbated Autoimmune Syndrome Compared to Parental Genotypes
Serum was collected from Bcl2l11/, Faslpr/lpr, Bcl2l11/Faslpr/lpr, and wild-type mice at 14+ weeks of age, and IgM, IgG1, IgG2a, IgG2b, IgG3, and IgA (A) and
anti-dsDNA (B) titers were determined by ELISA. Kidneys were excised from 14+ week Bcl2l11/, Faslpr/lpr, Bcl2l11/Faslpr/lpr, and wild-type animals and fixed
in formaldehyde; this was followed by paraffin embedding and staining with hematoxylin and eosin. Representative lowmagnification (43) of the kidneys is shown
(C). Scale bars represent 300 mm. The percentage of the area containing infiltrate was determined, and the average and standard deviation are plotted (D).
Kidneys from these animals were also frozen in optimal freezing medium (OCT), then stained with FITC-labeled goat anti-mouse IgG antibodies so that the pres-
ence of IgG-containing immune complexes (E) could be determined. High magnification (403) of the glomeruli are shown. Scale bars represent 10 mm. The per-
centage of the area containing IgG was determined, and the average and standard deviation are plotted (F). Three to six mice were analyzed for each genotype in
two independent experiments with an ordinary ANOVA with a Student-Newman-Keuls multiple comparison test. **, significant difference with a p value% 0.001,
*, significant difference with a p value% 0.01, +, significant difference with a p value% 0.05. ***, significant difference compared to both Bcl2l11/ and Faslpr/lpr
with a p value% 0.05.
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cific CD8+ T Cells in the Lymph Nodes of
Bcl2l11/Faslpr/lpr Animals Are Not the
Result of Increased Proliferation
Bcl2l11/, Faslpr/lpr,Bcl2l11/Faslpr/lpr, and wild-
type mice were infected with LCMV Armstrong.
Mice were administered 0.8 mg/ml BrdU in their
drinking water from days 15 to 22 postinfection.
Mice were sacrificed on day 22 postinfection,
and splenocytes and lymph node lymphocytes
were stained with anti-CD8a and the MHC class I
tetramers DbGP33-41 and DbNP396-404 in addi-
tion to anti-BrdU so that the number of antigen-
specific cells in S phase could be determined. A
wild-type animal receiving water alone was in-
cluded as a negative control. The dot plots are
representative samples illustrating the percentage
of antigen-specific CD8+ T cells incorporating
BrdU in the lymph nodes (A). The percentage of
DbGP33-41 (B)- and DbNP396-404 (C)-specific
CD8+ T cells that had incorporated BrdU were
quantitated in both tissues, and the averages and
standard deviations are shown. Three to four
micewere analyzed for each genotype in two inde-
pendent experimentswith an ordinary ANOVAwith
a Student-Newman-Keuls multiple comparison
test. *, significant difference compared to both
Bcl2l11/ and Faslpr/lpr with a p value% 0.05.nephropathy (IgAN) is a common form of glomerulonephritis as-
sociated with several autoimmune diseases including systemic
lupus erthematosus (SLE) and rheumatoid arthritis (RA) (Donadio
and Grande, 2002). We hypothesize that the autoimmune syn-
drome we observe could be due to deficits in negative selection,
caused by loss of Bim, contributing to increased self-reactive
cells in the periphery. Typically, these cells would be controlled
by Fas and FasL interaction; however, in double-mutant mice,
these cells are not eliminated, and they stimulate further lympho-
cyte proliferation and autoantibody production. This contrasts
with studies by Reap et al. (1995) and Strasser et al. (1995),
which demonstrated splenomegaly and lymphadenopathy but
minimal changes in autoantibody amounts in Bcl-2 transgenic
Faslpr/lpr animals. Because the transgene encoding Bcl-2 was
expressed mainly in T cells, with limited numbers of splenic B
(17%) cells containing enhanced Bcl-2, increases in autoanti-
bodies were blocked. Taken with our results, these findings un-
derscore the physiological importance of multiple checkpoints
controlling autoimmunity.
The mechanisms maintaining homeostasis and precluding
autoimmunity in naive animals are also responsible for the de-
cline in antigen-specific CD8+ T cell numbers during contraction
of antiviral immune responses. Previous studies demonstrated
that overexpression of either Bcl-2 or Bcl-xL (Petschner et al.,
1998), or loss of Fas was insufficient for blocking contraction
(Lohman et al., 1996; Nguyen et al., 2000; Razvi et al., 1995).
Van Parijs et al. demonstrated that Bcl-2 and Fas regulate
distinct cell-death pathways after in vivo peptide stimulation of
transgenic CD4+ T cells. These studies illustrated that CD4+ T
cells from mice overexpressing Bcl-2 were able to persist for
extended periods after acute antigen exposure, whereas cells
deficient in Fas were resistant to chronic self-antigen exposure
(Van Parijs et al., 1998). However, the converse was not true,
226 Immunity 28, 218–230, February 2008 ª2008 Elsevier Inc.suggesting that the intrinsic pathway was responsible for
contraction after acute antigen exposure and that Fas played
a minimal role. Recently, several groups have shown that down-
sizing of viral (Grayson et al., 2006; Pellegrini et al., 2003;Wojcie-
chowski et al., 2006) and superantigen-induced expansions of T
cells is blocked in Bcl2l11/ mice (Hildeman et al., 2002).
However, in the case of LCMV infection, the block in contraction
is transitory because the numbers eventually decline to levels
comparable to wild-type. Although Bim must be important
during the early contraction phase, another death pathway
causes the eventual decline in cell numbers. We have shown
that loss of both Bim and Fas blocked contraction in the lymph
nodes but not in the spleen or liver. This block must be due to
less death as proliferation of antigen-specific CD8+ T cells, espe-
cially in the lymph nodes, was reduced in both Bcl2l11/ and
Bcl2l11/Faslpr/lpr mice. Overexpression of Bcl-2 has been
shown to retard the G1-S cell-cycle transition (Mazel et al.,
1996; O’Reilly et al., 1996) through its effects on intracellular
reactive oxygen species (Deng et al., 2003). Recently Craxton
et al. demonstrated that Bim also regulates BCR-induced entry
of B cells into the cell cycle by influencing the G0-G1 transition
(Craxton et al., 2007). Loss of Bim may decrease this transition,
but unless cells lack Fas, contraction will eventually occur in the
lymph node. Our observations demonstrate that Fas plays a
major role in lymph node contraction, whereas other death
receptors such as TNFR or TRAIL may be critical along with
Bim function in downsizing the response in the spleen and liver
after acute LCMV infection. In support of this idea, both the
effector and memory CD8+ T cell pools are increased after acute
LCMV infection of TNFRI and TNFRII deficient mice, although the
total amount of contraction observed is similar to wild-type mice
(Suresh et al., 2005). It is interesting to note that after acute HSV-
1 infection of the foot pad, where viral replication is localized
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acute LCMV infection throughout lymphoid and nonlymphoid
tissues, no difference in contraction is observed between
Bcl2l11/ and Bcl2l11/Faslpr/lpr mice (Hughes et al., 2008
[this issue of Immunity]). Taken together, these results suggest
that the level and extent of viral infection may program T cells
to be susceptible to multiple death pathways. Although the role
of varying antigen cannot be formally excluded, we favor the
hypothesis that it is due to different levels of inflammation. In
support of this idea, apoptosis of T cells from mouse models
of sepsis, with their extremely high levels of inflammation, is
affected by both expression of dominant-negative FADD mole-
cules and the loss of Bim (Chang et al., 2007). Additionally
when inflammation is blocked by antibiotic pretreatment,
contraction of antigen-specific CD8+ T cells is abrogated after
Listeria monocytogenes infection (Badovinac et al., 2004).
In conclusion, we demonstrate that both Bim and Fas are
required to maintain homeostasis, to preclude autoimmunity,
and to downsize antigen-specific CD8+ T cell responses after
acute LCMV infection. Loss of both genes results in a synergistic
increase in activated lymphocytes in both lymphoid and nonlym-
phoid organs and dramatic increases in autoantibodies, lympho-
cytic infiltrate, and immune-complex deposition in the kidneys.
When the downsizing of acute antiviral responses was exam-
ined, we observed a complete block in contraction in the lymph
nodes of double-mutant mice and an overall increase in the
number of antigen-specific CD8+ T cells after viral infection.
These results suggest that efficacious therapies for autoimmu-
nity should target both the Bim- and Fas-mediated pathways
for maximal apoptosis of self-reactive cells. In contrast, blocking
of both of these pathways after immunization or immunotherapy
would allow increased numbers of antigen-specific CD8+ T cells
that would increase protection from infection or tumor clearance.
EXPERIMENTAL PROCEDURES
Mice, Virus, and Infections
Bcl2l11/, Faslpr/lpr, Bcl2l11/Faslpr/lpr, and wild-type mice were bred in our
facility. The Bcl2l11/ mice were originally derived on a C57BL/6/129
background and have been backcrossed onto C57BL/6 for 12 generations.
C57BL/6 Faslpr/lpr mice were purchased from Jackson Laboratories and then
bred in our facility. We derived Bcl2l11/Faslpr/lpr mice by mating Bcl2l11+/
and Fas+/lpr animals or Bcl2l11+/ and Faslpr/lpr animals. All studies were
approved by the Institutional Animal Care and Use Committee (IACUC) of
the Wake Forest University School of Medicine. Genotypes of the mice were
determined with PCR amplification of tail DNA. Six- to-eight-week-old mice
were infected with 2 3 105 p.f.u. of LCMV Armstrong i.p. Virus was grown as
described previously (Ahmed et al., 1984).
Cell Isolation
The spleens were removed from mice after cervical dislocation. After being
teased apart on a wire mesh screen, red blood cells were removed by osmotic
lysis in ACK buffer (NH4Cl, KHCO3, and EDTA). Splenocytes were then resus-
pended in RPMI 1640 supplemented with 10% FCS and L-glutamine, penicil-
lin-streptomycin, and -mercaptoethanol (complete media). Superficial cervi-
cal, axillary, brachial, and inguinal lymph nodes and thymus were excised
frommice after euthanization, teased apart on a wire mesh screen, and resus-
pended in complete media. To isolate lymphocytes from nonlymphoid tissues,
we opened the abdomen, removed the gallbladder, cut the hepatic vein, and
injected 5 ml ice-cold PBS directly into the hepatic artery to perfuse the liver.
The entire liver was removed and teased apart on a wire mesh screen; this was
followed by incubation at 37C with 0.25 mg/ml collagenase B (BoehringerMannheim, Federal Republic of Germany) and 1 U/ml DNase (Sigma, St. Louis,
MO) for 60 min with vortexing every 15 min. After digestion of the liver, the
sample was centrifuged, and the pellet was resuspended in 5 ml 44% Percoll
(Sigma). The solution was then underlaid with 56% Percoll and centrifuged at
2000 rpm for 20 min at 20C. The interface containing lymphocytes was then
removed and washed so that residual Percoll could be removed. Red blood
cells were lysed with 0.83% ammonium chloride, and then lymphocytes
were washed and counted.
Surface Staining
In this study, the following antibodies from BD PharMingen (San Jose, CA)
were used: rat anti-mouse CD8a-FITC, rat anti-mouse CD8a-PE, rat
anti-mouse CD8a-PerCP, rat anti-mouse CD8a-APC, rat anti-mouse CD4-
PE, rat anti-mouse CD44-FITC, rat anti-mouse CD44-APC, rat anti-mouse
CD45R/B220-APC, and rat anti-mouse CD3-FITC. DbGP33-41, DbNP396-
404, and DbGP276-286 MHC class I tetramers were generated as previously
described (Murali-Krishna et al., 1998). Surface staining was performed by
incubation of cells with antibodies at a 1:100 dilution in FACS buffer (2%
fetal-calf serum in phosphate-buffered saline) for 30 min on ice. Cells were
thenwashed three timeswith FACSbuffer and resuspended in 2%paraformal-
dehyde. Samples were acquired on a FACSCalibur instrument and analyzed
with FloJo software (TreeStar, San Francisco, CA).
Bromodeoxyuridine Labeling
Naive mice of each genotype were administered 0.8 mg/ml bromodeoxyuri-
dine (BrdU) in the drinking water for 8 days beginning at 10 weeks of age.
For determining the percentage of cells entering S phase of the cell cycle
during the contraction phase of acute LCMV infection, mice were administered
BrdU in the drinking water daily beginning on day 15 postinfection with LCMV
Armstrong until day 22 postinfection. BrdU staining was performed as
described by Tebo et al. (2005). Samples were acquired on a FACSCalibur
or FACSAria instrument and analyzed with FlowJo software.
CD8+ T Cell Purification
CD8+ T cells were purified from the spleens of 6- to 8-week-old Bcl2l11/,
Faslpr/lpr, Bcl2l11/Faslpr/lpr, and wild-type mice with Miltenyi positive selec-
tion magnetic-bead separation according to the manufacturer’s protocol.
Purity was >95% as determined by flow cytometry.
CFSE Labeling
CFSE (5-6-carboxyfluorescein diacetate, succinimidyl ester) was purchased
from Molecular Probes (Eugene, OR) and resuspended in DMSO and stored
at –20C as a 5 mM stock. Splenocytes isolated from wild-type, Bcl2l11/,
Faslpr/lpr, and Bcl2l11/Faslpr/lpr mice were washed three times in PBS and
resuspended in PBS at 2 3 107 cells per ml. Cells were then mixed with
6.67 mM CFSE in PBS so that the final concentration was 3.33 mM. After
3 min at room temperature, cells were vortexed then continued incubating
for an additional 2 min. Next, 1/10 volume of FCS was then added; this was
followed by vortexing, and the samples were incubated at room temperature
for an additional minute. Sampleswere thenwashed three timeswith complete
medium and used in experiments. CFSE-labeled CD8+ T cells were plated at
3 3 105 cells per ml in 48-well flat-bottom plates coated with anti-CD3 and
anti-CD28. Viable cell numbers were determined by trypan-blue exclusion
daily. Surface staining was performed daily as described above with rat
anti-mouse CD8a-PE, and samples were resuspended in 2% paraformalde-
hyde and acquired on a FACSCalibur instrument. Division and proliferation
indices were determined with FloJo software.
Immunohistochemistry
Kidneys from Bcl2l11/, Faslpr/lpr, Bcl2l11/Faslpr/lpr, and wild-type mice
were isolated and frozen in optimal cutting temperature embedding medium
(OCT) and stored at 80C. We transferred frozen kidneys to 20C prior to
sectioning the tissues with a Cryostat. Sections were cut (5 mm thickness),
adhered to Superfrost Plus charged slides (Fisher), and fixed in 10% formalin
(Sigma) in PBS for 10min at room temperature. Slides were then washed three
times with PBS and stored overnight at 4C. Prior to staining, slides were
treated with 1% BSA in PBS and incubated for 10 min at room temperature.
After removal of 1% BSA in PBS, sections were stained with 15 mg/ml
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PA) and incubated for 30 min at room temperature. FITC-labeled goat
anti-rabbit IgG (Jackson ImmunoResearch) was used as a negative control.
Slides were then washed three times with PBS, then fixed in 10% formalin in
PBS for 10 min at room temperature. After three washes with PBS, one drop
of Glycero mounting medium (90% glycerol in 10% PBS) was added, and
a coverslip was placed on the slide.
Hematoxylin and Eosin Staining
Kidneys from Bcl2l11/, Faslpr/lpr, Bcl2l11/Faslpr/lpr, and wild-type mice
were isolated and fixed in 3.7% formaldehyde in PBS and stored at room
temperature until embedding. Kidneys were loaded into cassettes and placed
in 10% formalin until processed. Samples were then loaded on a Tissue Tek
VIP tissue processor (Sakura, Torrance, CA), going through 70%, 95%, and
100% alcohol, xylene, then paraffin. Once removed from the processor, the
samples were embedded in paraffin, then cut into 4 mm sections on a 2030
Reichert-Jung microtome (Leica, Nussloch, Germany). Sections were laid
out on a warm waterbath, picked up, and placed onto slides. The slides
were then dried and stained with hematoxylin and eosin, and a coverslip
was applied. Pictures of sections were taken with an Axiocam camera on an
Axioplan 2 Zeiss microscope.
Antibody Titers
Antibody titers were quantified from the serum of 14+-week-oldmicewith an Ig
clonotyping system ELISA (Southern Biotechnology Associates) according to
the manufacturer’s instructions. Serum samples were diluted 1:10,000 to
1:25,000 depending on the isotypes so that absorbance in a linear range could
be observed. Absorbance at 405 nm was measured within 5 min after addition
of substrate solution. Standards were purchased from Southern Biotechnol-
ogy and were included to quantitate the concentration of the different isotypes
in the serum samples with Prism software. Anti-dsDNA autoantibody titers
were determined with a mouse anti-dsDNA ELISA kit (Alpha Diagnostic Inter-
national) according to the manufacturer’s protocol. Serum samples from all of
the genotypes were diluted 1:100. We determined the concentration of anti-
dsDNA IgG by graphing the absorbance and concentration of the standards,
determining an equation for the line, and using the equation to calculate the
concentration of the unknowns.
Cell Viability
Purified CD8+ T cells from the spleens of wild-type, Bcl2l11/, Faslpr/lpr, and
Bcl2l11/Faslpr/lpr mice were subjected to 1000 rads g-irradiation (Mark 1
Irradiator, J.L. Shepard and Associates, San Fernando, CA) or cultured in com-
plete media with or without the addition of IL-2. We determined cell survival
daily by performing surface stains as described above and followed this by
incubation with 7-actinomycin D (7AAD) for 15 min at room temperature.
Samples were acquired immediately on a FACSCalibur instrument.
Activation-Induced Cell Death
Purified CD8+ T cells were stimulated with plate-bound anti-CD3 and anti-
CD28 and cultured for 3 days at 37C in complete media containing 10 units
per ml IL-2. Cells were then harvested and viable cells were purified with
MACS dead cell removal kit (Miltenyi Biotec) according to the manufacturer’s
protocol. We plated viable cells in complete media alone or treated them with
10 mg/ml anti-CD3 or 100 nM rFasL with enhancer (Alexis Biochemicals) to
provoke activation-induced cell death. Cell viability was determined daily by
trypan-blue exclusion in addition to 7AAD staining. Samples were acquired
immediately on a FACSCalibur instrument.
Statistical Analysis
Data from wild-type, Bcl2l11/, Faslpr/lpr, and Bcl2l11/Faslpr/lpr mice were
analyzed with an ordinary ANOVA with a Student-Newman-Keuls multiple
comparison test. All calculations were performed with InStat software, and
a p value of < 0.05 was considered significant.
Quantitation of Immunohistochemistry and Hematoxylin
and Eosin Staining
Quantitation of lymphocytic infiltrate and IgG-FITC positive immune-complex
staining in the kidneys of mutant and wild-type mice was performed as
228 Immunity 28, 218–230, February 2008 ª2008 Elsevier Inc.described previously by Lehr et al. (1997) with Photoshop 8.0 software for
Macintosh. In brief, for the quantitation of lymphocytic infiltrate, the Magic
Wand tool was used to select an area of the picture not occupied by tissue.
This background staining was eliminated with the Inverse tool in the Select
menu, and the number of pixels occupied by the tissue was determined with
the Histogram tool in theWindowmenu. The lasso tool was then used to select
areas of infiltrate, and the number of pixels containing infiltrate was determined
with the Histogram tool. We then calculated the percent area containing infil-
trate by dividing the number of pixels of infiltrate by the total pixels of tissue.
For quantitation of the percent area of positive IgG-FITC staining in the kidney
sections, the green channel was selected, and the Magic Wand tool was used
to select a section of the image containing IgG staining. The total amount of
IgG-FITC positive staining was then obtained with the Similar tool in the Select
menu. The tolerance amount was adjusted so that the entire region of
IgG-FITC positive staining was selected. We then calculated the percent
area containing positive IgG-FITC staining by dividing the number of pixels
of IgG positive staining by the total pixels present in the image.
Supplemental Data
Five figures are available at http://www.immunity.com/cgi/content/full/28/2/
218/DC1/.
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